Aims. We investigate the dependence of γ-ray brightness of blazars on intrinsic properties of their parsec-scale radio jets and the implication for relativistic beaming. Methods. By combining apparent jet speeds derived from high-resolution VLBA images from the MOJAVE program with millimetrewavelength flux density monitoring data from Metsähovi Radio Observatory, we estimate the jet Doppler factors, Lorentz factors, and viewing angles for a sample of 62 blazars. We study the trends in these quantities between the sources which were detected in γ-rays by the Fermi Large Area Telescope (LAT) during its first three months of science operations and those which were not detected. Results. The LAT-detected blazars have on average higher Doppler factors than non-LAT-detected blazars, as has been implied indirectly in several earlier studies. We find statistically significant differences in the viewing angle distributions between γ-ray bright and weak sources. Most interestingly, γ-ray bright blazars have a distribution of comoving frame viewing angles that is significantly narrower than that of γ-ray weak blazars and centred roughly perpendicular to the jet axis. The lack of γ-ray bright blazars at large comoving frame viewing angles can be explained by relativistic beaming of γ-rays, while the apparent lack of γ-ray bright blazars at small comoving frame viewing angles, if confirmed with larger samples, may suggest an intrinsic anisotropy or Lorentz factor dependence of the γ-ray emission.
Introduction
One of the most important discoveries of the Energetic GammaRay Experiment Telescope (EGRET) on-board the Compton Gamma-Ray Observatory in the 1990s was the detection of over 65 active galactic nuclei (AGN) at photon energies above 100 MeV (Hartman et al. 1999; Mattox et al. 2001) . The detected sources were almost exclusively blazars, a class of highly variable AGN comprised of flat spectrum radio quasars and BL Lac objects. The distinctive characteristic of blazars is a relativistic jet oriented close to our line-of-sight. Synchrotron radiation of energetic electrons in the jet dominates the low energy end of the blazar spectral energy distribution. This emission is strongly beamed due to relativistic effects which increase the observed flux density of a stationary jet by a factor of δ 2−α and that of distinct "blobs" in the jet by a factor of δ 3−α . Here δ is the jet Doppler factor and α is the spectral index defined as S ν ∝ ν +α (Blandford & Königl 1979) . The Doppler factor is defined as δ = [Γ(1 − β cos θ)]
−1 , where Γ = (1 − β 2 ) −1/2 is the bulk Lorentz factor, β is the jet speed divided by the speed of light, and θ is the angle between the jet and our line-of-sight. The requirement that the γ-ray-bright sources are transparent to γγ pair production, together with their Send offprint requests to: T. Savolainen small sizes deduced from the fast γ-ray variability, strongly suggest that the γ-ray emission originates in the jet and is also relativistically beamed, in the same manner as the radio emission (von Montigny et al. 1995; Mattox et al. 1993) . The many correlations found between the γ-ray emission detected by EGRET and the radio/mm-wave properties of blazars further support this scenario (Valtaoja & Teräsranta 1995; Jorstad et al. 2001a,b; Lähteenmäki & Valtaoja 2003; Kellermann et al. 2004; Kovalev et al. 2005) . Since the γ-ray spectrum is typically steeper than the radio spectrum (Abdo et al. 2009b) , it is possible that the γ-ray emission is even more enhanced by Doppler boosting than the radio emission.
Although inverse Compton (IC) scattering of soft photons off relativistic electrons in the jet is currently the favoured model for the γ-ray emission, there is a substantial controversy within this model about the origin of the target photon field and the location of the emission site. The seed photons could be, for example, synchrotron photons emitted by the same electrons which scatter them later, (synchrotron selfCompton model, SSC; Maraschi et al. 1992; Bloom & Marscher 1996) or synchrotron photons emitted by electrons in a different layer of the jet (Ghisellini et al. 2005) . The seed photons can also originate in sources external to the jet like the accretion disk, the broad line region clouds or the dust torus (external Compton model; Dermer et al. 1992; Ghisellini & Madau 1996; Sikora et al. 1994; Błażejowski et al. 2000) . Beside these leptonic models there are also a number of models where γ-rays are produced by hadronic processes initiated by relativistic protons co-accelerated with electrons (e.g., Mannheim 1993) .
The Large Area Telescope (LAT) on-board the Fermi Gamma-ray Space Telescope is a successor to EGRET, with much better sensitivity, larger energy range (up to 300 GeV), better angular resolution, and larger field-of-view (Atwood et al. 2009 ). In only its first three months of science operations, the LAT detected 205 bright γ-ray sources at > 10σ level (Abdo et al. 2009a) , 116 of which are associated with AGN at high galactic latitudes (|b| ≥ 10
• ) (Abdo et al. 2009b ). Here we refer to these 116 sources as "LAT-detected sources". Based on the long-term monitoring of the radio jet motions with the Very Long Baseline Array (VLBA), it was recently shown that the LAT-detected quasars have significantly faster apparent jet speeds and higher core brightness temperatures than non-LATdetected quasars (Lister et al. 2009c; Kovalev et al. 2009 ). The LAT γ-ray photon flux also correlates with the compact radio flux density and the flares in γ-rays and radio seem to happen in the VLBI cores within a typical apparent time separation of up to several months ). The γ-ray bright blazars also have larger-than-average apparent jet opening angles (Pushkarev et al. 2009 ). These findings indicate that γ-ray bright blazars are likely more Doppler boosted than γ-ray faint ones, but what remains unknown is a possible dependence of intrinsic γ-ray luminosity on parsec-scale jet properties such as the bulk Lorentz factor or the viewing angle in the comoving frame of the jet (Lister et al. 2009c) . In this paper we confirm the connection between the γ-ray brightness and the Doppler factor of the parsec-scale jet for a sample of 62 blazars. We have also combined measurements of the apparent jet speeds and temporal variability at mm-wavelengths to derive jet Lorentz factor and the viewing angle in the observer's frame and in the frame comoving with the jet for 57 blazars in order to study how the γ-ray detection probability depends on these intrinsic jet parameters.
Sample definition and data
The MOJAVE program, together with its predecessor, the VLBA 2 cm Survey, has continuously monitored the structural changes in the parsec-scale jets of the compact extragalactic radio sources with the VLBA since 1994 (Kellermann et al. 2004; Lister et al. 2009a) . The program provides accurate measurements of the apparent jet speeds, which are typically superluminal (Lister et al. 2009b) . The current monitoring list includes a statistically complete, flux-density-limited sample of all 135 sources that lie above J2000 declination −20
• and had a 15 GHz compact flux density larger than 1.5 Jy (2 Jy for sources below declination of 0
• ) at any time between 1994.0 and 2004.0. Since the sample is selected based on the relativistically beamed, compact jet emission, it mostly comprises blazars and thus can be compared with the sample of γ-ray-loud AGN.
The Metsähovi Radio Observatory in Finland has regularly monitored the flux density variability of bright northern hemisphere blazars at 22 and 37 GHz since the early 1980s, and decade or longer flux density curves exist for ∼ 100 sources, which roughly approximate a flux-density-limited sample at 22 GHz (Teräsranta et al. 2004) . From these data Hovatta et al. (2009) were able to estimate the Doppler beaming factors of 87 sources by applying a light-travel time argument. If one assumes that the variability timescale of the mm-wave flares seen in these sources corresponds to the light-travel time across the emission region (Jorstad et al. 2005) , and that the intrinsic brightness temperature of the source is limited to the equipartition value, T b,int 5 × 10 10 K (Readhead 1994) , measuring the flare timescale and amplitude provides a way to estimate the variability Doppler factor, δ var . By combining equations 2 and 3 in Hovatta et al. (2009) one gets
where ∆S max is the flare amplitude in Janskys, ν is the observing frequency in GHz, ∆t is the timescale of the fastest flare in the source in days, d L is the luminosity distance in Mpc, and z is the redshift. This method of estimating δ var relies on the assumption that every source occasionally reaches T b,int = 5 × 10 10 K, that the Doppler factor is constant with time, and that the flux density curve at mm-wavelengths is a superposition of flares with mixed duration and amplitude (Hovatta et al. 2009 ). Thus, identifying the sharpest, fastest flare over a long period of time gives the best estimate of the true Doppler factor. We note that there is an inherent limit to the maximum observable δ var of about 40-50 due to the time sampling of Metsähovi flux curves. We have carried out Monte Carlo simulations, however, which show that this limit does not affect the statistical results reported in this paper.
Of the 87 sources in Hovatta et al. (2009) , 60 are blazars that belong to the flux-density-limited MOJAVE sample, have reliable redshifts, and are at galactic latitude |b| ≥ 10
• . In this paper, we refer to them as the Metsähovi-MOJAVE (MM) sample. Two additional sources, the BL Lac object B0109+224 and the quasar B1334−127, which were not originally listed in Hovatta et al. (2009) , were also included in the sample since new data allowed determination of their δ var . With these additions, the sample contains 48 quasars and 14 BL Lac objects.
There are 23 (37%) sources in the MM sample that are associated with bright LAT-detected γ-ray sources (Abdo et al. 2009b) : 15 quasars (31% of the quasars in the MM sample) and 8 BL Lacs (57% of the BL Lacs). The fraction of LATdetected sources in the MM sample (37%) is slightly higher than in the full flux-density-limited MOJAVE sample (24%) (Lister et al. 2009c ), but the difference is not statistically significant. An Anderson-Darling (A-D) variant of the KolmogorovSmirnov test (Press et al. 1992) does not show a significant difference between the redshift distributions of LAT-detected and non-LAT-detected sources in the MM sample. For all the statistical tests reported in this paper, we adopt a significance level of 0.05 for rejecting the null hypothesis. We use the non-parametric A-D test throughout as a test for similarity of two observed distributions, since it is more sensitive to differences in the distribution tails than the original Kolmogorov-Smirnov test.
Results

Doppler factor and Lorentz factor distributions
The distributions of the variability Doppler factor for the non-LAT-detected and the LAT-detected blazars in the MM sample are shown in the upper left panel of Fig. 1 , and the numerical data are listed in Table 1 . The LAT-detected sources have on average significantly higher δ var values than non-LAT-detected sources: the mean δ var is 17.1 ± 1.6 for the former and 12.2 ± 1.2 for the latter. For quasars only, the mean δ var are 19.8 ± 1.7 for LAT-detected and 13.4 ± 1.3 for non-LAT-detected, and there are no LAT-detected quasars with δ var < 10. A one-sided Student's t-test confirms that the LAT-detected sources have a higher mean δ var than the non-LAT-detected ones with the probability of 99.3% for blazars, and 99.7% for quasars only. Since the apparent jet speed (β app ) and the Doppler factor both depend on the bulk Lorentz factor and the viewing angle of the jet, it is possible to calculate the latter quantities if the measured δ var and β app both correspond to the same underlying flow speed (Hovatta et al. 2009 ):
Using the data gathered in the MOJAVE program, we have measured β app for 57 out of 62 sources in the MM sample by tracking the motion of the bright features in the jet (Lister et al. 2009b) . As shown by Lister et al. (2009b) , there is a characteristic flow speed for each jet that can be traced by β app . We consider the fastest, non-accelerating, radially moving component to be the most representative of the speed of the underlying flow close to the jet core, where the mm-wavelength outbursts take place (Savolainen et al. 2002) . The speeds are listed in Table 1 together with the calculated jet properties. The Lorentz factor distributions for non-LAT-detected and LAT-detected blazars are shown in the lower left panel of Fig. 1 . Although there seems to be a lack of LAT-detected quasars with small Lorentz factors (there are no LAT-detected quasars with Γ < 8), an A-D test does not detect a statistically significant difference between the distributions -neither for blazars nor for quasars alone.
Viewing angle distributions
The (observer's frame) viewing angle distributions are plotted in the upper right panel of Fig. 1 . The γ-ray bright sources seem to have a narrower θ-distribution than γ-ray weak sources. The LAT-detected quasars all have 1 • < θ < 5 • , while a significantly wider range of values is covered for the non-LAT-detected quasars: the observed θ-distributions of LAT-detected and non-LAT-detected quasars have a probability of p = 0.04 of being drawn from the same parent distribution, according to an A-D test. For the whole blazar sample, the difference is not statistically significant. The mean value of θ is slightly smaller for the LAT-detected quasars (2.9 ± 0.3
• ) than for the non-LAT-detected ones (4.4 ±0.6
• ), but this difference is not statistically significant (p = 0.06 according to a Student's t-test).
Because of relativistic aberration, the photons arriving to us at an angle θ with respect to the jet flow direction were emitted from the jet at an angle θ src in the frame comoving with the jet:
The distributions of viewing angles in the comoving frame are shown in the lower right panel of Fig. 1 , where we see that the θ src -distribution is much narrower for the LAT-detected blazars than for the non-LAT-detected blazars. The comoving fluid frame viewing angles of γ-ray bright blazars are confined to a range between 30
• and 110
• with a median value of ∼ 75 • , while the θ src -distribution of γ-ray weak blazars ranges from 0
• to 160
• . Both small and large values of θ src are missing from 
Discussion
The variability Doppler factors from Hovatta et al. (2009) were determined over a multi-year monitoring program while the γ-ray detections used in our analysis are based on just threemonths of LAT monitoring. The sharp distinction seen in the δ var values between the LAT-detected and non-LAT-detected sources strongly supports the idea that δ var must remain fairly constant with time. Since the LAT-detected and non-LAT-detected sources are treated in the exact same way with respect to the derivation of their δ var , any temporal variation in the Doppler factor (or in T b,int ) would thus only serve to destroy the possible correlation and could not create one. Therefore, we consider the result regarding higher δ var for the LAT-detected blazars to be very robust. A similar result regarding the high δ var of γ-ray bright sources was found earlier using the less uniform EGRET data (Lähteenmäki & Valtaoja 2003) . The simplest and arguably most likely interpretation is that the γ-ray bright blazars are indeed systematically more Doppler boosted than the γ-ray weak ones. This interpretation is compatible with the LAT-detected quasars having faster apparent jet speeds (Lister et al. 2009c) , wider apparent jet opening angles (Pushkarev et al. 2009 ), and higher VLBI brightness temperatures ). An alternative interpretation would be that, for some reason, the intrinsic brightness temperature is systematically about a factor of three higher in the LAT-detected blazars than in the non-LATdetected ones. In the latter case our assumption of a constant limiting brightness temperature would lead to an overestimation of δ var in the γ-ray bright blazars. This alternative explanation would not, however, explain the faster apparent jet speeds or wider apparent jet opening angles of the LAT-detected sources.
The observed difference in the comoving-frame viewing angle distributions between the γ-ray bright and weak blazars is an unanticipated result. The left panel of Fig. 2 shows that the lack of LAT-detected blazars at large comoving-frame viewing angles can be explained by low Doppler factors of the sources at large θ src . The beaming model does not, however, explain the lack of LAT-detected sources at small values of θ src . If this lack is real, it may reflect an intrinsic anisotropy of the γ-ray emission in the comoving frame of the jet. This would have wide implications for the theoretical models of the high energy emission from blazars, since almost all of these models rely on the assumption that the γ-ray emission is (nearly) isotropic in the rest frame of the relativistically moving sub-volume (e.g. Dermer 1995) . Possible sources of anisotropy in the γ-ray emission include, for example, anisotropic γγ absorption or anisotropic seed photon field for inverse Compton scattering.
The right hand panel of Fig. 2 shows that the non-LATdetected sources at small comoving frame viewing angles have small Lorentz factors, except for B0804+499. This may provide an alternative explanation for the apparent lack of γ-ray bright sources at small comoving frame viewing angles if the intrinsic γ-ray luminosity depends on the bulk Lorentz factor in addition to being relativistically beamed. The fact that B0804+499 is not a bright γ-ray source, despite having a very high Doppler factor and a moderately high Lorentz factor, poses a problem for this explanation, but does not rule it out since the γ-ray emission may be intermittent (or there may be something unusual in this particular source).
Summary
We have investigated the connection between the γ-ray emission of blazars and the intrinsic properties of their parsec-scale radio jets. Our study, based on the 3-month Fermi LAT bright gammaray source list, shows that the γ-ray bright blazars have higher Doppler factors than the γ-ray weak ones and confirms the earlier results from the EGRET era (e.g., Lähteenmäki & Valtaoja 2003) .
It was also found that the distributions of the viewing angles in the comoving frame of the jet differ significantly between the γ-ray bright and weak blazars. While the lack of γ-raydetected sources at large comoving-frame viewing angles can be explained by γ-ray blazars being more highly beamed, the apparent lack of γ-ray-detected sources at small comoving-frame viewing angles instead hints of either an intrinsic anisotropy or a Lorentz factor dependence of the γ-ray emission. Unfortunately, our small sample size and the detection/non-detection nature of the γ-ray data used in this analysis do not allow firm conclusions to be drawn about the statistical significance of the lack of γ-raydetected sources at small comoving frame viewing angles if the effects of beaming are taken into account. Since the potential intrinsic emission anisotropy would have particularly important implications for the theoretical models of the γ-ray production in blazars, further investigation of a larger sample using more extensive γ-ray flux data is clearly warranted and is being planned on the basis of Fermi 1-year data. 
